With the growing requirement for transmission capacity in optical communication systems, coherent technology has been attracting more and more attention. 1 A coherent system is able to restore both the amplitude and phase information of optical signals but remains very sensitive to the phase noise of both the transmitter and the local oscillator. In order to reduce the noise in the detection part, local oscillators with low phase noise are required. Indeed, although the frequency drift of the transmitter can be minimized, the carrier phase still fluctuates randomly because of the phase noise induced from the lasers. Therefore, a local oscillator with a narrow spectral linewidth is a crucial requirement for realizing stable heterodyne detection. Aside from the linewidth, such lasers must also be single-frequency, energy efficient, and monolithically integrable. 2 To meet these goals, semiconductor distributed feedback (DFB) lasers with strained quantum well (QW) layers have been touted to be very reliable single wavelength sources. 3, 4 However, most QW DFB lasers made with simple grating designs usually exhibit spectral linewidths of a few MHz. 3, 5 The main reason for such a broad spectral linewidth is due to the short optical cavity and weak internal feedback, leading to a low Q-factor that is the ratio of the energy stored by a cavity to the power lost. Thus, in order to reach a kHz spectral linewidth, continuous efforts have been made to decrease the spontaneous emission rate into the lasing mode or to increase the Q-factor and hence the number of photons stored in the cavity. Therefore, different designs of single-mode devices have been proposed to achieve narrow linewidths on the order of 100 kHz or below, such as external cavity, 6 phase-shifted and chirped grating, 7, 8 discrete mode DFB lasers, 9 and fiber lasers. 10 In particular, one recent solution was obtained from a proper modal engineering of a DFB laser in which light is generated in the III-V material and stored into the low-loss silicon material. Fabricated lasers using modal engineering to concentrate light in silicon unveil spectral linewidths five times smaller than any other semiconductor lasers. 11 Although the aforementioned techniques can satisfy the ultra-narrow linewidth and power requirements, they require either more complex technologies or remain significantly bulky with poorer mechanical stability as opposed to standard DFB lasers which can be manufactured in large numbers and at lowcost. Additional breakthroughs can be achieved by using a gain medium made with self-assembled quantum dots (QDs) from which the shape of the density of states, as well as the carrier confinement, does substantially improve the laser performance. 12, 13 Indeed, advances in crystal growth have led to high quality 1.55 lm semiconductor lasers operating with gain regions containing either QDs or quantum dashes. 14, 15 By doing so, spectral linewidths between 200 and 500 kHz have been reported on both InAs/GaAs and InAs/InP QD lasers. 16, 17 Very recently, a spectral linewidth as low as 110 kHz has been demonstrated in an InAs/InP QD DFB laser. 18 The spectral linewidth of semiconductor lasers is expressed by the modified Schawlow-Townes expression
where Cg th is the modal gain at threshold, a m the mirror loss, h the photon energy, P 0 the optical output power, n sp the inversion factor, and a H the linewidth enhancement factor accounting for the coupling between the carrier-induced variation of real and imaginary parts of the effective susceptibility. From Eq. (1), the a H -factor appears as an additional mechanism of phase fluctuations responsible for the much broader linewidth in semiconductor lasers. 20 Therefore, narrow linewidth lasers should be designed to minimize the effect of the a H -factor. On the other hand, the need to pump the semiconductor to optical transparency creates a minimum carrier density and current at threshold. The inversion factor n sp accounts for this minimum carrier density in the laser, applying a penalty for incomplete inversion. In QW Published by AIP Publishing. 112, 121102-1 lasers, n sp is typically in the range from 1.5 to 2.5, while it is much lower in QDs owing to the smaller number of carriers required to reach the transparency. 21 Therefore, the quantity n sp Â ð1 þ a 2 H Þ should be used as the figure of merit of narrow linewidth operation rather than the sole a H -factor. 5 In this paper, we perform a systematic investigation of the spectral linewidths of InAs/InP QD lasers emitting at 1.52 lm. A narrow spectral linewidth of 160 kHz (80 kHz intrinsic linewidth) with a low temperature dependence is demonstrated in a DFB laser with asymmetric facet coatings. The temperature behavior is also confirmed by simulation. The influence of the spatial nonlinearities originating from the longitudinal spatial hole burning (LSHB) on the spectral linewidth is also studied. By using a DFB laser with symmetric facet coatings, results show that narrow linewidth operation can be further extended at high powers.
The QD lasers under study were grown by chemical beam epitaxy (CBE) on a (100) oriented n-type InP substrate. The undoped active region of the laser consisted of 5 stacked layers of InAs QDs with 30 nm In 0.816 Ga 0.184 As 0.392 P 0.608 (1.15Q) barriers. The QDs were tuned to operate in the desirable operation wavelength range by using a QD double cap growth procedure and a GaP sublayer. 15 Growing the dots on a thin GaP layer allows a high dot density to be obtained and improved layer uniformity when stacking multiple layers of dots, providing maximum gain. Photoluminescence (PL) from a 5 QD layer test structure grown just before the laser had a full-width at half-maximum (FWHM) of 36.5 meV at 4 K which broadened to 60 meV at 300 K, indicating good dot size uniformity. This active layer was embedded in a 350 nm thick 1.15Q waveguiding core, providing both carrier and optical confinement. An average dot density of approximately 4 Â 10 10 cm À2 per layer was obtained according to atomic force microscopy (AFM) measurements on uncapped stacked dot samples.
Following the growth of the QD active core, the wafer was removed to pattern the grating region. This was performed using a HeCd laser to holographically expose an optical resist with a uniform grating pattern across the whole wafer, followed by wet chemical etching. After the patterning of the grating, the p-type InP cladding and InGaAs contact layers were regrown using metal-organic chemical vapor deposition (MOCVD). The wafer was PL mapped before and after regrowth by MOCVD, and no change was observed in the PL emission wavelength, indicating the high material quality of both growth steps. 22 Single lateral mode ridge waveguide lasers were fabricated with a stripe width of 3 lm and a cavity length of 1 mm. Both facets were coated to modify the reflectivity of the laser cavity. One laser used a very low reflectivity antireflection coating (AR) on both facets (<0.01%) to remove the effects of the termination phase of the grating at the cleaved facets, 23 and this laser is referred to as the AR/AR design. The other laser used asymmetric facet coatings, with the output facet having a 2% reflectivity, while the rear facet having a reflectivity of 62%, which is referred to as the AR/HR design. The AR/HR design is much more sensitive to the grating phase at the facets, and since the grating used was uniform, i.e. there were no phase shifts introduced, this meant that different devices were observed lasing on the short wavelength side of the DFB stopband, the long wavelength side, and both sides simultaneously. For the AR/AR design, all the laser devices emitted on the short wavelength side of the stopband for all drive currents, a consequence of spatial hole burning in a symmetric device with a uniform grating. 23 The devices under study in this work emitted only at a single wavelength. Figure 1 shows the single-mode lasing spectra for both devices (at 100 mA), which exhibit lasing wavelengths at 1.52 lm and side mode suppression ratios (SMSRs) of at least 50 dB over the whole current range. The insets display the corresponding L-I curves, with threshold currents I th of 46 mA for the AR/HR device and of 47.5 mA for the AR/AR device. Fabry-Perot (FP) ripples are observed outside the grating stopband in the AR/HR device, while those disappear in the AR/ AR device owing to the smaller facet reflectivities. The grating coupling constant j was measured to be 10 cm À1 determined from the laser spectra just below threshold, leading to a value for jL of 1, with L being the length of the laser cavity.
The material a H -factor is extracted from the amplified spontaneous emission (ASE). 24 To do so, a FP cavity is considered because the ASE method is not easily applicable to DFB lasers for which the grating makes the gain extraction more complicated. The experimental procedure for retrieving the a H -factor is fully detailed elsewhere. 24 in Fig. 2 is only valid for the FP laser which does not suffer from strong LSHB. As such, it cannot be used for analyzing the a H -factor of DFB lasers under study except at low drive currents (i.e. not too far from the threshold) where the LSHB remains small. Figure 3 shows the self-heterodyne interferometric apparatus used to measure the spectral linewidth. 25 Once the laser emission is launched into the fiber interferometer, part of the signal is sent to a 100 MHz frequency-shifted acousto-optic modulator (AOM), while the other part propagates through a 25 km fiber coil. The polarization controller is used to match the polarizations in the two arms. At the output of the interferometer, the resulting beat note centered at the AOM frequency is recorded with the photodiode (PD) and sent to the electrical spectrum analyzer (ESA). Two optical isolators, of more than 60 dB isolation, were used to eliminate the reflected light. Experimentally, the total spectral linewidth is broadened, hence corresponding to a Voigt profile which is mathematically a convolution of a Lorentzian lineshape representing the intrinsic laser linewidth with a Gaussian lineshape accounting for the technical noise (current noise and thermal fluctuations). In what follows, measured spectra are curve-fitted using the pseudo-Voigt approximation that relies on using a linear combination of Gaussian and Lorentzian profiles rather than the convolution. Figure 4 illustrates the spectral linewidths fitted with the pseudo-Voigt profile as a function of the normalized drive current I/I th , for the AR/HR (red) and the AR/AR lasers (blue). For the AR/HR DFB laser, a minimum linewidth of 160 kHz is reached at I/I th ¼ 1.7 with a fitted intrinsic Lorentzian linewidth as low as 80 kHz which is smaller than that of 110 kHz. 18 Note that similar results are obtained with a pure Voigt profile. From Eq.
(1), the threshold gain is calculated by taking into account the loss induced by the grating that is about 6 cm À1 , which contributes to a modal gain at a threshold of about 19 cm
À1
. Then, the physical quantity n sp Â ð1 þ a 2 H Þ is estimated to be about 1.4 at an output power of 1 mW, leading to an inversion factor n sp below the unity (assuming a H,DFB % a H,FP ¼ 0.9 at 1520 nm) which is in agreement with other values reported for QD lasers. 21 In this work, n sp Â ð1 þ a 2 H Þ is found much smaller than that reported for an InAs/ GaAs QD DFB laser with a spectral linewidth of 800 kHz at an output power of 1 mW. 12 Although from Eq. (1) a narrow linewidth is obtained by increasing the laser power, Fig. 4 also shows that the minimum achievable linewidth can be actually limited by a linewidth rebroadening. For instance, the spectral linewidth of the AR/HR DFB laser rebroadens up to 600 kHz at I/I th ¼ 4.4. The linewidth rebroadening is mostly attributed to the joint action of the gain nonlinearities and the LSHB through the increase in the a H -factor. 27 In QD lasers, this effect is even more pronounced because of the increased scattering rates with the injected current and larger gain nonlinearities. 28 As for the AR/AR DFB laser depicted in Fig. 4 (blue) , the minimum linewidth is at 300 kHz with a fitted intrinsic Lorentzian linewidth as low as 110 kHz. By comparison with the AR/HR DFB laser, the spectral linewidth is now rather independent of the drive current without any rebroadening at the power levels investigated. Since both the gain medium and cavity parameters (length, ridge width, etc.) are identical for the AR/HR and AR/AR devices, the difference in behavior must be associated with different optical field distributions along the cavity for the two devices and hence different degrees of LSHB which is known to impact the linewidth. 23, 29 For the AR/AR device, the field distribution is always symmetric about the centre of the cavity 29 and weak due to the small value of jL, but for the AR/HR case, it is highly asymmetric, 30 enhancing the LSHB. Lastly, although the AR/HR structure shows a narrower linewidth, random facet phase effects are problematic for practical applications since every laser may exhibit different spectral characteristics, including linewidth. This is avoided by using AR coatings on both facets as long as the AR coating reflectivity is low enough, typically <0.01%.
31,32
The effect of the temperature on the spectral linewidth of the AR/HR laser device is now investigated. A comparison with a commercial 1.55 lm QW DFB laser is performed, with the temperature being varied from 283 K to 303 K. Figure 5 unveils that the minimum linewidth of the QD laser is rather insensitive to temperature with only an increase of 5% at 303 K above the minimum value of 170 kHz at 283 K. In contrast, the QW DFB laser is increased by 23% (600 kHz) from 2.5 MHz at 283 K to 3.1 MHz at 303 K. Such a great thermal stability of QD lasers is attributed to the ultimate carrier confinement and to the quality of the QD materials, providing maximum gain. To better understand the temperature behavior, an excitonic rate equation model was developed, where the spontaneous emission noise and the carrier noise are taken into account through the Langevin approach in Ref. 33 , Fig. 6 illustrates the calculated spectral linewidth as a function of the drive current. Considering the same temperature range, numerical simulation shows a very good agreement with the experiment, while the figure in the inset confirms that the minimum linewidth is rather insensitive to the operating temperature. The simulation agrees well with the experimental tendency; however, neither the slope difference nor the rebroadening is reproduced because the model does not include the flicker noise and the LSHB.
Owing to the low inversion factor, these results show the potential of QDs as a gain medium for narrow spectral linewidth lasers. Using a DFB laser with a low jL and asymmetric facet coatings, a spectral linewidth of 160 kHz (80 kHz intrinsic) is demonstrated. The temperature insensitive behavior between 283 K and 303 K agrees well with simulation. Symmetric anti-reflection facet coatings are also used to reduce the LSHB and make the spectral linewidth rather independent of the drive current. These results show the importance of controlling spatial nonlinearities for narrow linewidth operation at high powers which is of paramount importance not only for coherent communication systems but also for high resolution spectroscopy, high purity photonic microwave generation, and on-chip atomic clocks. 
